Abstract-The cutoff properties of triangular photonic crystal fibers with different core dimensions have been deeply investigated. In particular, 7-rod core fibers, obtained by removing the air-holes belonging to the first ring, as well as the central one in the fiber cross-section, have been considered. A phase diagram which describes the regions of single-mode and multimode operation for these large mode area fibers has been calculated with two different approaches. Simulation results have demonstrated that, for a fixed air-filling fraction, triangular photonic crystal fibers with a wider silica core region are singlemode in a smaller wavelength range. As a consequence, also the endlessly single-mode region of 7-rod core triangular fibers is smaller than that of 1-rod core ones. However, by properly choosing low air-filling fraction and relatively small hole-to-hole distance, 7-rod core photonic crystal fibers can provide high effective area values, as well as single-mode operation, without the problem of leakage losses.
I. INTRODUCTION
In recent years the generation and delivery of high-power optical beams for a wide range of applications, including laser welding and machining, optical lasers and amplifiers, has become progressively object of intensive studies. For such applications, fibers with large mode size, referred to as LargeMode Area (LMA) fibers, are required as they can effectively support high optical intensities limiting the impact of nonlinear effects. Another desirable feature is the single mode operation over the wavelength range of interest. Using the conventional optical fiber technology, a large modal area can be achieved either by reducing the numerical aperture, i.e. lowering the percentage of doping material in the core region, or by increasing the core dimension. An alternative route to fabricate LMA fibers is offered by photonic crystal fibers (PCFs) [1] , [2] . They are characterized by an array of air-holes running along their entire length, which provides the confinement and guidance of light [3] . Due to the strongly wavelength-dependent refractive index of the cladding and the variety of air-holes arrangements, PCFs offer an enormous versatility combined with novel and unique optical properties [4] . The guidance mechanism depends both on the nature of the defect and the air-holes arrangement.
In particular, index-guiding PCFs guide the light within their solid core by modified total internal reflection. In fact, the presence of the air-holes acts to lower the effective refractive index of the microstructured cladding, resulting in an actual refractive index contrast between the inner core region and the surrounding cladding. Even though PCF light guiding does not depend on the presence of a periodic array of air-holes, these are usually arranged in a triangular lattice which provides a 6-fold or hexagonal rotational symmetry to the fiber crosssection, which is described using two geometrical parameters, namely the hole-to-hole spacing, or pitch Λ, and the relative hole size d/Λ, being d the air-hole diameter. It has been already demonstrated that, unlike conventional fibers, triangular PCFs with a silica core formed by removing the central air-hole can be designed to be Endlessly SingleMode (ESM), that is to support only the propagation of the fundamental mode whatever the wavelength and the pitch value [3] , [5] . Previous analyses on the cutoff properties of 1-rod core triangular PCFs have shown that their ESM region is defined by d/Λ < 0.406 [6] - [8] . This property can be successfully exploited also to design single-mode triangular LMA PCFs [9] . In particular, it is possible to significantly increase the PCF effective area by narrowing the air-holes for a fixed Λ, or by enlarging the pitch for a fixed d/Λ value. However, an upper limit on the guided mode area exists, given by the value of losses. In fact, the air-filling fraction decrease can cause an increase of the leakage losses [10] , [11] , while, as Λ becomes larger, there is a greater susceptibility to scattering losses induced by microbending and macrobending [12] . In order to overcome these problems, another LMA PCF design based on the triangular lattice has been recently proposed in [12] , [13] . The triangular core region of these fibers, called 3-rod core triangular PCFs, has been obtained by removing 3 air-holes in the center of the fiber cross-section. 3-rod core PCFs can provide an enhancement of the guided mode area of about 30% and a higher robustness when scaled to a larger pitch [12] . As a drawback of the larger silica core dimension, the ESM region of these triangular PCFs is smaller than that of 1-rod core fibers, being limited by d/Λ < 0.25. Moreover, the triangular core symmetry influences the shape of the guided mode field intensity, which deviates from the standard gaussian-like. In this paper the trade-off between effective area and singlemode operation regime in LMA triangular PCFs has been investigated. Instead of the traditional 1-rod core fiber, reported in Fig. 1a , a new triangular PCF has been considered. It is characterized by a triangular lattice and a silica core formed by removing 7 central air-holes, as shown in Fig. 1b . In the following it will be referred as 7-rod core PCF. By removing the air-holes belonging to the first ring, a wider silica region has been obtained, so 7-rod core PCFs present a larger effective area for fixed d/Λ and Λ values, compared to 1-rod core fibers. The structure here studied has been chosen so that it can be readily fabricated. In fact the proposed geometry is feasible using the well-know stacking technique without any additional difficulty. In addition, a further solution with an enlarged core region for a fixed d/Λ and Λ has been adopted. It consists in a 1-rod core triangular PCF with a smaller diameter of the air-holes belonging to the first ring. This fiber should give a larger mode size then 1-rod core triangular PCFs, without significantly increasing the guided mode leakage losses [10] , [11] .
Since the core dimension has a strong influence on the confinement of all the PCF guided modes and, as a consequence, on the single-mode regime of triangular fibers, it is necessary to accurately define the single-mode operation regime of these LMA triangular PCFs in order to successfully use them for practical applications. To this aim, a detailed analysis of the 7-rod core PCF cutoff properties has been carried out in the present paper. It is important to underline that this kind of study is not trivial as for conventional optical fibers because all the modes propagating in PCFs with a finite air-hole ring number are leaky [10] , [11] . In order to investigate the single-mode and the multi-mode operation regimes, a method previously adopted for 1-rod core PCFs with a triangular [6] and a square [14] lattice of air-holes and based on the leaky nature of the second-order mode has been used. The phase diagram which provides the boundary between singlemode and multi-mode regions obtained with this method has been confirmed by the one calculated with a second approach, which makes a comparison between the first higher order mode effective index and the one of the microstructured cladding fundamental space-filling mode [12] , [13] . Simulation results have shown that, for a fixed d/Λ value, the single-mode region for 7-rod core PCFs is smaller than that of the traditional triangular fibers. Moreover, the endlessly single-mode regime for the larger core triangular PCFs is defined by d/Λ < 0.035, while that for 1-rod core triangular ones is described by d/Λ < 0.406. However, it has been demonstrated that it is possible to reach high effective area values, as well as single-mode operation, with 7-rod photonic crystal fibers by properly choosing Λ and d/Λ. For example, an effective area of about 268 µm 2 at 1550 nm has been obtained by choosing Λ = 5.8 µm and d/Λ = 0.1. It is important to underline that, even for this low d/Λ value and relatively small pitch, 9 air-hole ring are enough for the 7-rod core triangular PCFs in order to prevent the problem of the leakage losses of the fundamental guided mode.
II. CUTOFF ANALYSIS APPROACHES
Previous works have proposed different approaches to analyze the PCF single-mode regime, which is the wavelength range where only the first-order mode is guided while the higher order ones are unbound. In particular, it is not trivial to decide clearly at which wavelength λ * the second-order mode of a PCF is no more guided, that is it becomes a delocalized cladding mode. This transition can be found by taking into account its leakage losses, which are related to the attenuation constant α, the real part of the complex propagation constant γ = α + jβ [10] . This method has been already successfully applied to the cutoff analysis of 1-rod core PCFs with a triangular [6] and a square [14] lattice of air-holes. In particular, the normalized cutoff wavelength λ * /Λ can be evaluated by observing the transition shown by the behavior of α/k 0 , k 0 being the wave number, versus λ/Λ. This can be made evident by calculating the Q parameter
because it exhibits a sharp negative minimum at λ * /Λ [6] , [14] . In the present study the phase diagram with singlemode and multi-mode operation for LMA PCFs has been obtained by calculating the Q parameter for different normalized wavelength λ/Λ and by evaluating its negative minima for PCFs with d/Λ in the range 0.08÷0.32. The analysis has been developed by fixing the guided-mode wavelength at 1550 nm and the silica refractive index to 1.444. The hole-to-hole distance Λ has been properly selected to obtain the desired normalized wavelength value. It has been already shown that the air-hole ring number influences the leakage losses of PCFs with a finite cross-section [10] , [11] . Moreover, the transition of the Q parameter becomes more acute and the method more reliable as the ring number increases [6] , [14] . Since 10 air-hole ring 1-rod core triangular PCFs have been previously used for the modal cutoff analysis [6] , in the present study 7-rod core PCFs with 9 rings have been considered. A second approach has been applied to confirm the results obtained with the Q method. In fact the limit of the singlemode region can be determined by comparing the effective index n ef f = β/k 0 of the second-order mode and that of the fundamental space-filling mode n F SM for a fixed d/Λ value [12] , [13] . The first high order mode at a certain wavelength λ is no longer guided if its n ef f is lower than the n F SM at the same λ. As a consequence, the normalized cutoff wavelength λ * /Λ is obtained applying the condition n ef f = n F SM . Finally, it is important to point out the numerical methods used in this analysis. The complex propagation constants of the fundamental and the second-order mode as well as the field distributions have been calculated by means of a full vectorial modal solver based on the Finite Element Method (FEM) with anisotropic perfectly matched layer [10] , [15] . The multipole method [16] , [17] has been also used to confirm the simulation results, obtaining a good agreement. The effective index of the mode in the infinite cladding, i.e. the fundamental spacefilling mode n F MS , has been evaluated using a freely available software package [18] .
III. RESULTS AND DISCUSSION

A. Cutoff wavelength
In order to calculate the Q parameter according to Eq. (1), the behavior of α/k 0 versus the normalized wavelength λ/Λ for the second-order mode has to be evaluated. As shown in to 0.32 the transition region moves towards the higher λ/Λ values, as it has been already demonstrated for triangular and square-lattice PCFs [6] , [14] . In Fig. 3 the second-order mode magnetic field transverse components distribution at λ/Λ 0.369 is reported for a LMA PCF with d/Λ = 0.2. At this normalized wavelength α/k 0 is around 1 · 10 −10 , and the first higher-order mode results confined in the fiber silica core. This is confirmed by the second-order mode intensity distribution shown in Fig. 4 . From the previous results, the Q parameter has been calculated through a finite difference formula and the values obtained for the 7-rod core triangular PCFs are reported in Fig. 5 . The negative value of the curve minimum becomes higher as d/Λ increases, reaching -270 at λ/Λ 1.19 for d/Λ = 0.32. As the PCF air-filling fraction decreases, the Q minimum moves towards the lower λ/Λ values and becomes wide and difficult to identify with high precision. For example, the negative minimum is about -23.5 at λ/Λ 0.2 for the PCFs with d/Λ = 0.08. In order to give a further confirmation of what stated with the Q parameter method, the normalized cutoff wavelength has been evaluated also according to the second approach, based on the comparison between the second-order mode effective 
B. Endlessly Single-Mode region
An interesting comparison can be made on the ESM region of triangular PCFs with core defect regions of different dimension, obtained by removing 1 or 7 air-holes in the crosssection center. A fitting of the cutoff curve of 1-rod core triangular PCFs has been previously evaluated according to the expression [6] 
where d * /Λ is the boundary of the ESM region, resulting in d * /Λ = 0.406, α = 2.80 ± 0.12 and γ = 0.89 ± 0.02 [6] . The same procedure has been applied to the λ * /Λ values of the 7-rod core PCFs obtained with the Q method and reported in Fig. 7, providing d * /Λ 0.035, α = 4.432 ± 0.067 and γ = 1.045 ± 0.01. The boundary between the single-mode and the multimode operation area for small and large core triangular PCFs is reported in Fig. 8 . Notice that the singlemode region for 7-rod core PCFs, that is the one above the continue line, is significantly smaller than that of 1-rod core fibers for lower d/Λ values, while the difference between the two cutoff curves is reduced as the air-filling fraction increases. Moreover, it is important to underline that 7-rod core PCFs are characterized by a lower d * /Λ value, that is they can be ESM in a smaller range of the geometric parameter values with respect to 1-rod core triangular fibers. In particular, the LMA fibers here proposed are endlessly single-mode only for d/Λ < 0.035.
C. Effective area
Since it has been demonstrated a strong correlation between the achievable guided mode effective area and the single-mode regime, it becomes challenging to fulfill simultaneously all the requirements to design LMA 7-rod core triangular PCFs useful for practical applications. However, it is possible to find a compromise between the achievable effective area and the number of modes that PCFs guide over the wavelength range of interest. To this aim, the effective area of the fundamental guided mode of LMA PCFs has been calculated according to
where i(x, y) is the guided mode intensity distribution evaluated through the accurate Poynting vector definition [19] . For example, the A ef f values obtained for 7-rod core PCFs with Λ = 5.8 µm and 9 air-hole rings are shown in Fig. 9 in the wavelength range 1000 nm÷ 2000 nm , as well as the boundary between the single-mode and the multi-mode region previously evaluated. In particular, it is possible to obtain an effective area at 1550 nm of about 320 µm 2 and 268 µm 2 , respectively, by choosing d/Λ equal to 0.08 and 0.1, while still keeping the 7-rod core PCFs in the single-mode operation regime. Notice that, in order to reach similar A ef f values with 1-rod core triangular PCFs with the same air-filling fraction, it is necessary to consider larger pitch, that is between 8 µm and 10 µm [9] . Moreover, it is important to underline that, unlike conventional triangular PCFs, 9 air-hole rings are enough to prevent the LMA PCF guided-mode from being leaky, even for these low d/Λ and Λ values. In fact, the fundamental mode of the 7-rod core triangular PCF with d/Λ = 0.1 and Λ = 5.8 µm is completely confined in the silica core, as shown in Fig. 10a . On the contrary, if a 1-rod core triangular PCF with the same geometric parameters and air-hole ring number, that is 10, is considered, the guided mode at 1550 nm is leaky, as it is shown in Fig. 10b . The small core dimension and the low airfilling fraction do not provide the necessary field confinement.
D. 1-rod PCF with enlarged core
Finally, a further investigation on the trade-off between effective area and single-mode regime in triangular PCFs has been carried out and preliminary results have been obtained. In particular, triangular PCFs with a silica core larger than that of 1-rod core fibers, but smaller than that of 7-rod core ones have been considered. In fact, as represented in Fig. 11 , the diameter of the air-hole belonging to the first ring is d 1 = 0.5d in the studied PCFs, while the air-hole ring number is still 10. Looking at the magnetic field of the fundamental mode at 1550 nm guided by this kind of PCFs, shown in Fig. 12 , it is possible to notice a higher confinement with respect to 1-rod core PCFs, even if the behavior of the guided-mode is still leaky. Moreover, α/k 0 curves for the second-order mode, evaluated as previously described for d/Λ in the range 0.2÷0. 4 and reported in Fig. 13 , do not present a net transition which describes the boundary between the single-and the multi-mode region, differently from those reported in Fig. 2 for 7-rod core PCFs. As a consequence, more than 10 air-hole rings should be considered in order to successfully analyze these PCFs cutoff properties. This research will be the object of future work.
IV. CONCLUSION
A thorough analysis has been performed on the cutoff properties of 7-rod core triangular PCFs, by applying two methods which involve the second-order mode complex propagation constant. The phase diagram of these LMA PCFs has been calculated and it has been demonstrated that their single-mode operation region is smaller than that of 1-rod core ones, as well as the ESM region, defined by d/Λ < 0.035. However, simulation results have shown that it is possible to successfully design 7-rod core triangular PCFs with a proper compromise between the achievable effective area and the number of modes guided at the wavelength of interest for practical applications.
